A method for measuring the size and growth rate of armoured scale insects using digital image analysis is described. It was used in a preliminary experiment that demonstrated between-plant differences in the growth rate of armoured scale insects on kiwifruit leaves. It also allowed the timing and extent of mortality factors to be measured accurately. Heavy predation of armoured scale insects on kiwifruit leaves, probably caused by earwigs, was observed for the fi rst time. The development of this technique as a tool for both ecological studies of scale insect, and in measuring the relative resistance of kiwifruit germplasm to armoured scale insects is discussed.
INTRODUCTION
The aim of the HortResearch kiwifruit (Actinidia spp.) breeding programme is to develop new varieties of kiwifruit with optimal fruit fl avour, size and storage attributes (Cheng et al. 2004) . Market access issues relating to pest and disease status are also a priority within the programme, and new varieties must be no more susceptible to pests and diseases than the existing varieties.
The two principal pest species of armoured scale insect affecting kiwifruit crops in New Zealand are greedy scale (Hemiberlesia rapax Comstock) and latania scale (H. lataniae Signoret) (Hemiptera: Diaspididae). Both species are parthenogenic and neotenous, becoming adult after only 2 moults (Rosen 1989; Steven 1990; Charles & Henderson 2002) . The sessile lifestyle of the scale insect provides an opportunity to study the development and survival of individual insects.
Studies of the susceptibility of kiwifruit germplasm to armoured scale insects began in 2002, and initial fi ndings indicated a wide variation in the level of greedy and latania scale populations in the fi eld on different families of kiwifruit. This fi nding suggested that there may be large differences in the genetically inherited susceptibility of kiwifruit germplasm to insect pests (Hill et al. 2003) . As a result, the development of a simple and robust bioassay for measuring the absolute or relative susceptibility of kiwifruit germplasm to armoured scale insects was identifi ed as a priority. This study reports on the development of a practical technique for measuring the growth rate and survival of armoured scale insects on kiwifruit.
METHOD
A fl at rectangular frame was constructed to fi t on the front of a digital camera, parallel to the plane of the image, and directly in front of the lens at a distance of 120 mm. The frame consisted of a rectangular 65 x 50 x 0.5 mm piece of sheet steel, from the centre of which was cut a 45 mm x 30 mm rectangular hole. This frame was fi tted securely to the front of the camera (Nikon Coolpix 995) with steel rods (2.5 mm diameter) fi xed around the camera body and secured with a fi xing bracket at the back. The frame could be attached and removed easily.
Scale insects on kiwifruit leaves and bark were photographed by pressing the rectangular frame fl at onto the substrate with the insect(s) of choice positioned in the centre. The camera zoom was adjusted so that approximately 2-5 mm of the inner edge of the frame could be seen around the perimeter of the photograph. The correct exposure for the photograph was achieved by adjusting the fl ash and the exposure timing.
The digital images were processed using ImageJ imaging software (version 1.32j; http://rsb.info.nih.gov/ij/) and a digitiser drawing tablet (Dick Smith XH1913). The image resolution (pixels per mm) was calibrated by measuring the horizontal (45 mm) or vertical (30 mm) distance in the photograph between the internal borders of the frame. The area of the scale insect (measured in pixels and square millimetres) could then be accurately calculated by drawing around the edge of the wax cap of the scale insect.
The grid on a haemocytometer (a square 9 mm 2 in area marked off in 0.2 and 0.25 mm gradations) was used to check the accuracy and possible biases in measuring areas using the frame and ImageJ. Five test areas were chosen covering more or less the full range of scale insect size: 1.75 mm . Photographs of the haemocytometer grid were taken using the digital camera, with the grid positioned in the centre, bottom left-hand corner and top right-hand corner of the image. Five replicates of area estimations were taken on each of the trial areas, at three levels of magnifi cation: 4x, 8x and 12x.
The estimated area (mm 2 ) and the percentage error in measuring the area (expressed as % absolute deviation from the true area) were calculated for each of the fi ve haemocytometer areas. Differences in both of these estimates were tested using analysis of variance (Minitab 14) .
One-year-old rootstocks (cv. Bruno) were planted into 3-litre polythene planter bags in July 2003. One-year-old cane cuttings were chosen from eight vines from an A. chinensis parent selection trial (Cheng et al. 2004 ) and grafted onto the rootstocks in July 2003. The vines were chosen to represent a wide range of natural scale insect incidence under fi eld conditions (Hill et al. 2003) . On 25 October 2003, newly emerged (<24 h old) greedy scale insect crawlers were brushed from laboratory cultures onto two fully expanded leaves on each of the eight vines. The leaves were examined 24 h later to ensure that scale insects had successfully settled. The vines were covered with fi ne mesh gauze netting to exclude parasitoids, and held in a shade house (50% shade cloth) at the HortResearch Te Puke Research Centre under ambient environmental conditions. Photographs of the scale insect caps were taken at three to four week intervals until the insects were mature. The photographs were taken of the intact scale cap, the area of which is used as a proxy for actual size of the scale insect body beneath. The same area on the leaf was photographed on each occasion, using a photographic map as a guide. This allowed the survival and growth of individual scale insects to be followed over time. Predation was measured by observing the fate of individual scale insects in sequential photographs and noting the chewing and removal of scale insect caps and bodies. Photographs were taken of scale insects primarily along the mid vein of the leaf and in the area adjacent to the petiole, as previous research has shown this area to have the highest density of insects (Steven et al. 1994) . The area of each of ca 10 scale insects was measured using ImageJ on day one (while still in the crawler stage) and 34, 54, 72, 86, 109 and 122 days after inoculation. Area was plotted against age in days. The same scale insects were measured on the fi rst four sampling occasions until day 72 after settling. On subsequent sampling occasions, scale insects from outside the original areas had to be photographed because of heavy predation of the original insects. Cap area measurements for 54-and 72-day-old scale insects were subjected to analysis of variance and Tukey s HSD test of differences between means (Minitab 14). A threeparameter logistic equation (y=a/(1+exp(-(x-x 0 )/b))) was fi tted to the data pooled for all scale insects from each of four vines using SigmaPlot 8.0.
RESULTS
The magnifi cation treatments had no effect upon estimated area or the % absolute deviation from the true area for the fi ve haemocytometer areas tested. Overall, there was a tendency to overestimate the areas (Table 1) . Errors were larger when measuring the smallest areas. For instance the mean % measuring error was 12% for 0.04 mm 2 and 2.8% for 1.75 mm 2 , while maximum measuring error for 0.04 mm 2 was 50%, but for 1.75 mm 2 it was only 9%. The position of the area in the picture had a signifi cant infl uence upon its estimated size for the larger areas (0.4, 0.8 and 1.75 mm 2 ). Estimates of these larger areas from the bottom-left and top-right portions of the image were slightly larger than estimates from the centre of the image (Table 1) , but the error was small. This positional effect was also evident in the % measuring error for the 1.75 mm 2 haemocytometer area, but not for smaller areas (Table 1) . There were no signifi cant differences (P>0.05) in the mean area of scale insects on different vines at day 54 (data not shown), but by day 72, there were signifi cant differences in the mean area of scale insects (Table 2) . Heavy predation from day 72 onwards had a serious effect on data collection and as a result, area measurements after this date could be reliably calculated from only 4 vines. The logistic curves achieved a good fi t to the data from these four plants (Fig. 1) , and all parameters were highly signifi cant (Table 3 ). The scale insects developed at different rates on the vines, and attained quite different mean fi nal sizes. The average fi nal size of scale insects ranged from 0.88 to 1.58 mm On day 72, 23% of the scale insects were predated. By day 86, predation had risen to 73%, and it reached 91% by day 109 (Fig. 1) . Some of the scale insect caps and base plates were completely removed, leaving no sign of the insect. In other instances, the scale insect cap had clearly been chewed open by a mandibulate predator and the scale insect body removed. No diurnal predators (e.g. coccinellidae) were observed on the plants. The only large mandibulate insects observed around the plants were earwigs (Forfi culina auricularia L.), which were observed nesting in the gauze netting covering the plants.
No parasitism was observed in the trial. 
DISCUSSION
The photographic technique described here is an easy and effective way of measuring the growth and survival of sessile scale insects on a range of substrates. It has the potential to form the basis of a bioassay for evaluating the susceptibility of kiwifruit germplasm to armoured scale insects and for identifying the timing and cause of various mortality factors, such as predation. While there was a small and consistent bias in overestimating areas, the technique was suffi ciently accurate for the purpose of measuring scale insect area and growth rate. Scale insects were photographed in the centre of the image wherever possible, to minimise errors associated with positional effects. This method is an improvement upon an earlier method used to measure citrus red scale (Aonidiella aurantii (Mask.) growth using digital imaging with a small plastic disc as a scale for calibration (Hare et al. 1990 ). This image analysis technique has been demonstrated by measuring scale insects on fl at surfaces such as leaves, but it can also be used for measuring their growth on kiwifruit canes, which are more or less circular in cross section. A correction factor must be applied to the measured area of the scale insect to account for its position on the cane relative to the edge and mid point of the cane. Assuming the cane is circular, by trigonometry the correction factor is 1/Cos(Asin(1-2*x/d)); where x is the distance in the image from the edge of the cane to the mid point of the insect, and d is the diameter of the cane. The correction factor is no more than 6% for an insect within the middle third of the cane, but it rises rapidly thereafter to over 100% for an insect near the edge.
The technique can also be used to measure growth rate of scale insects on fruit. A modifi ed circular frame, 20 mm in diameter, with a 5 mm gap around the circumference has been constructed. The gap allows the petiole to pass through, thereby enabling the photography of scale insects close to the petiole, a common settling site for these insects on kiwifruit.
Preliminary laboratory tests confi ning adult earwigs with greedy scale showed that they would eat the scale insect, leaving predation damage similar to that observed in the fi eld trial. Heavy predation of young adult scale insects has never previously been recorded on kiwifruit, and earwigs have never been recorded as potential predators of scale insects in New Zealand. The observed predation has typically resulted in the removal of the whole of the insect, leaving no signs of its former presence, which may explain why it has not previously been observed in the fi eld. The photographic technique is an ideal way of accurately measuring this type of predation. Earwigs have been recorded as major predators of the white peach scale (Pseudaulacaspis pentagona Targioni et Tozzetti) (Hanks & Denno 1993) , and they may help to regulate populations of oystershell scale and apple mussel scale in apple orchards (McLeod & Chant 1952) . In New Zealand, earwigs have been recorded as common components of arthropod communities in some apple orchards in Canterbury (Burnip et al. 2002) .
